The ecological wood anatomy of 128 vaccinioid wood samples (including 115 species, 35 genera), collected between 39°S and 60°N latitude and 10 m to 3400 m altitude is studied. Several wood anatomical features within the subfamily, viz. tangential vessel diameter, average length of tracheary elements, height of multiseriate rays, and presence of prismatic crystals are negatively correlated with increasing latitude, while vessel density and helical thickenings show a positive correlation with increasing latitude. Similar latitudinal trends are found within the genus Vaccinium (31 species studied). The correlation between various wood anatomical features and latitude is surprisingly high despite the fact that most tropical species grow in montane regions, which are rather similar to the temperate, non-tropical habitats as regards climatic conditions. Altitudinal trends, however, are weak. The impact of different life forms (shrubs, trees and lianas) and the amount of precipitation also plays a significant role in various continuous wood features. Furthermore, some of these anatomical features are correlated with each other. Part of the variation in vessel characters may be the result of functional adaptations to different climatic zones and environments, especially with respect to conductive efficiency and safety.
Introduction
Functionally adaptive xylem evolution and the dominant role of macroclimatic adaptation have been documented repeatedly in the literature. A number of studies on the relations of wood anatomy to ecology are reported within species (e.g. Noshiro & Baas 2000; Liu & Noshiro 2003) , in genera (e.g. Baas 1973; van den Oever et al. 1981; , and within families (e.g. Dickison & Phend 1985 ; Baas et al. 1988; Zhang et al. 1992; Noshiro & Baas 1998; Klaassen 1999) . Similar studies have also been conducted for different regional floras (e.g. Baas et al. 1983; Carlquist & Hoekman 1985 ; Baas & Schweingruber 1987) and some general ecological trends suggested were reviewed (Baas 1982 (Baas , 1986 Dickison 1989; Carlquist 1975 Carlquist , 2001 ). Most ecological trends conform to correlations established previously, but the degree of adaptation to ecological gradients may differ considerably among plant groups. For instance, in Rosaceae the percentage of anatomical variation explained by ecological factors was claimed to be relatively low (2-10%) (Zhang et al. 1992) , while latitudinal and altitudinal trends are manifest within for instance Symplocos (van den Oever et al. 1981) .
According to the most recent classification of Ericaceae, the subfamily Vaccinioideae consists of five tribes, viz. Andromedeae s.s., Gaultherieae, Lyonieae, Oxydendreae and Vaccinieae, comprising about 48 genera and more than 1 325 species (Kron et al. 2002) . Most Vaccinioideae are evergreen shrubs, including many epiphytes, whereas lianas and trees occur sporadically. The vast majority of taxa (about 32 genera and 1000 species, mainly belonging to Vaccinieae) are concentrated in the cool and moist montane areas of South America between 1500 m and 3000 m, although some species grow above 3000 m in páramo vegetation and others below 100 m in tropical lowland rainforest to mangroves (Luteyn 2002) . Most other members of Vaccinioideae grow in temperate to arctic regions of the northern hemisphere, in the montane regions of tropical Asia, and only a few species are restricted to southeast Africa and Madagascar. Vaccinium, the only genus that occurs in temperate regions as well as in the tropics of the Old and New World, is by far the largest genus of the subfamily including about 450 species. In addition to two recent studies of the systematic wood anatomy of Vaccinioideae (Lens et al. 2004, submitted) , the wide ecological distribution of the study group raises interesting questions about the ecological impact on variation of secondary xylem.
Our previous wood anatomical studies on Vaccinioideae illustrate that several wood anatomical features, especially the arrangement and type of vessel-ray pitting, the width and height of multiseriate rays, the shape of the body ray cells in multiseriate rays, and the presence and location of prismatic crystals, largely support recent changes in phylogeny based on morphological and molecular data (Kron et al. 2002) . This paper aims to investigate the impact of various ecological influences on secondary xylem within the subfamily. In order to do this, we have investigated 12 wood anatomical features of 128 wood specimens representing 115 species and 35 genera. These anatomical characters are evaluated according to rough ecological factors, both at the subfamily level and within the genus Vaccinium (31 species). Furthermore, correlations are investigated between most of the characters studied. This research also explores the impact of different life forms (shrubs, trees and lianas) on several continuous, wood anatomical features.
Material and methods
The material used is based on two previous studies on the systematic wood anatomy of the subfamily (Lens et al. 2004, submitted, see appendix) . Wood specimens derived from juvenile stems were excluded, because of possible ontogenetic differences between juvenile and mature wood (Noshiro & Suzuki 2001) . However, mature wood could not always be easily defined within the study group. For example, a thin wood sample of less than 10 mm diameter with a relatively large amount of pith tissue was considered to be juvenile, while some wood samples with a diameter of 6 mm that showed a small amount of pith area together with several growth rings were regarded as mature. Also, we omitted all specimens for which no detailed ecological data were available, including altitude, latitude, the annual amount of precipitation and the presence or absence of frost. In addition, non-standardized sampling may have influenced quantitative data, but it is believed that this represents random sources of variation that cannot have influenced the general results substantially. As a result, 128 mature samples were used to trace major ecological trends in the wood of Vaccinioideae. With the aid of regression analyses, these trends are illustrated using the program Microsoft Excel version X (Macintosh). The sta- Fig. 1 . Scatter plot of mean vessel element length and latitude for Vaccinioideae and Vaccinium with linear curve fitting. An asterisk means that the r-value is significant at the 0.5% significance level. tistical significance of correlation coefficients and differences between mean values were analysed at the 0.5% significance level with the software package Statistics Calculator version 8.0.
The qualitative wood anatomical features analysed were as follows: presence of distinct growth rings, the occurrence of helical wall thickenings, and the presence of mineral inclusions. The quantitative characters included the tangential vessel diameter and vessel density, the percentage of scalariform perforation plates, the length of vessel elements, tracheids, fibre-tracheids and libriform fibres, and the height and width of multiseriate rays.
In order to discuss the influence of growth forms on wood anatomical features, we distinguished three groups within the species studied, viz. shrubs, trees and lianas. Shrubs are defined as multi-stemmed plants which are usually smaller than three metres, while trees are single-stemmed plants usually more than three metres high.
Because exact precipitation data for most species could not be found, the origins of the specimens studied were divided into three arbitrary categories, viz. (1) areas with an annual precipitation from 500 mm to 1000 mm, (2) from 1000 mm to 2500 mm, and (3) areas with more than 2500 mm annual precipitation. An asterisk means that the r-value is significant at the 0.5% significance level. 
Results
Within the subfamily, the average length of vessel elements, tracheids, fibre-tracheids and libriform fibres shows a negative correlation with increasing latitudinal ranges (r = -0.533, -0.549, -0.500 and -0.446, respectively, Figs. 1-4), while vessel density is positively correlated with latitude (r = 0.622, Fig. 5 ). These correlations are all statistically significant at the 0.5% level (Tab. 1). Vessel diameter illustrates a weaker, but still significant at 0.5%, negative trend (r = -0.333, Fig. 6 ). The frequency of scalariform perforations is not correlated with latitude (r = 0.127). There is also a minor increase of multiseriate ray frequency with increasing latitude (r = 0.073), and a slight decrease in multiseriate ray width (r = -0.245, Fig. 8 ). However, ray height is significantly correlated with latitude (r = -0.387, Fig. 7 ). Within the genus Vaccinium, similar significant correlations with latitude are found (Figs. 1-8, Tab. 2). Relatively higher r-values are found for vessel diameter (r = -0.599) and height of multiseriate rays (r = -0.596) in Vaccinium, as compared to the overall subfamily.
Three qualitative wood features, viz. the presence of distinct growth rings, helical thickenings throughout vessel elements, tracheids or fibres, and the occurrence of prismatic crystals, show interesting latitudinal trends. Distinct growth rings are present in 44% of (sub)tropical, mostly montane species (n = 100), while this percentage increases to 86% in the temperate to boreal species (n = 28). Helical thickenings occur in tracheary elements from 17% of (sub)tropical species to 64% of temperate to boreal species. Prismatic crystals, on the other hand, are present in 47% of species growing in (sub)tropical regions, but only 14% of the species from temperate to boreal areas. In the genus Vaccinium, similar trends are found. Tropical Vaccinium species (n = 17) less frequently show distinct growth rings (41%) and helical hickenings (35%), and a slightly higher incidence of prismatic crystals (24%) than temperate to boreal Vaccinium species (n = 14), which have percentages of 93%, 64% and 14%, respectively.
There is a clearly positive correlation between vessel diameter and length of the tracheary elements, and a negative correlation with respect to vessel density (Tab. 1). In addition, the length of the different types of tracheary elements is clearly related to each other. The incidence of scalariform perforations is negatively correlated with tangential vessel diameter (r = -0.543), while a positive correlation is found for mean vessel density (r = 0.418). Moreover, mean vessel density is negatively correlated with tangential vessel diameter (r = -0.572), and with mean height and width of multiseriate rays (r = -0.702 and -0.651, respectively). Similar but usually stronger correlations are found within the genus Vaccinium. However, one may not compare the r-values of Vaccinioideae as a whole with Vaccinium because of difference in sampling between these two groups (128 vs. 31 samples, respectively; Tab. 1-2).
Based on altitudinal data within the subfamily, we only find a single wood anatomical feature that is significantly correlated with increasing altitude at the 0.5% significance level, i.e. vessel density (r = 0.286, Tab. 1). There is a slightly positive, but not significant correlation between vessel element length and altitude. A comparison of all species growing in the Andes region between 1500 m and 3500 m, representing 53% of the total number of species studied, illustrates that none of the wood features are correlated with altitude at the 0.5% significance level. Moreover, no significant altitudinal correlations are found in Vaccinium (Tab. 2).
According to the habit of the species studied, a considerable proportion of wood anatomical variation can be explained (Tab. 3). For example, the presence of scalariform perforations is more abundant in shrubs (71.9%) than in trees and lianas (56.9 and 14.5%, respectively). In addition, mean length of vessel elements, tracheids, fibre-tracheids and libriform fibres is higher in trees compared with shrubs, but only the difference of tracheid and fibre-tracheid length is significant at the 0.5% level. Except for a similar mean length of fibre-tracheids in trees and lianas, the highest values occur in lianas. Similar differences account for tangential diameter of vessels and mean width of multiseriate rays, while the opposite holds true for mean vessel density. Of these three features, especially differences between shrubs and lianas are statistically significant (Tab. 3). On the other hand, the lowest mean height of multiseriate rays is found in trees, while multiseriate rays are higher in shrubs and especially in lianas.
The correlations found between species from the three precipitation categories correspond with the correlations described above based on habit differences. Species growing in areas with an annual precipitation of 500 to 1000 mm show the narrowest vessel diameter, shortest tracheary elements, highest percentage of scalariform perforations and highest vessel density, although this tendency is not clear for the percentage of scalariform perforations and vessel diameter (Tab. 4). Species growing in regions with more than 2500 annual precipitation usually show a significant opposite trend, while species in the 1000 to 2500 mm precipitation zone represent intermediate values (except for fibre-tracheid length, multiseriate ray height and width).
Discussion

Latitudinal trends
This paper illustrates that latitude, which can be considered as a rough indicator of macroclimatic conditions, plays a considerable role in wood anatomical variation within the subfamily Vaccinioideae (Tab. 1-2). Our results generally agree with latitudinal trends established in previous studies on wood anatomy (e.g. Baas 1973 ; van der Graaf & Baas, 1974; van den Oever et al. 1981; Noshiro & Baas 2000) . The length of tracheary elements (i.e., vessel elements, tracheids, fibre-tracheids and libriform fibres), tangential vessel diameter, and height of multiseriate rays are all negatively correlated with increasing latitude, while distinct growth rings, vessel density and the occurrence of helical thickenings throughout tracheary elements show a positive correlation (Figs. 1-7) . The higher incidence of prismatic crystals in tropical Vaccinioideae compared to temperate members has been found in various plant groups, such as Rosaceae (Zhang et al. 1992 ), Sapindaceae (Klaassen 1999) , and other Ericaceae (Cox 1948; Greguss 1959; Lens et al. 2003) , although it does not tend to be a general trend. Among these characters, presence (and location) of prismatic crystals and height of multiseriate rays provides clear phylogenetic signals within the subfamily (Lens et al. 2004, submitted) . The distribution of prismatic crystals is mainly restricted to wood of the temperate Oxydendreae, some tropical Lyonia species (Lyonieae), and many tropical Vaccinieae. Furthermore, low multiseriate rays are observed in Oxydendreae, Lyonieae and Andromedeae s.s., relatively high rays are reported in Gaultherieae, and very high multiseriate rays are characteristic of most Vaccinieae (Lens et al. 2004, submitted) . The conclusion published by Baas (1982) that axial parenchyma is more abundantly present in tropical wood than in wood from temperate zones, is not supported in Vaccinioideae. Nearly all vaccinioids studied show scanty paratracheal parenchyma. Nevertheless, banded marginal parenchyma is restricted to a few tropical Vaccinieae members (Lens et al. submitted) . Table 3 . Mean values and standard deviation of selected continuous, wood anatomical features for shrubs (S, n = 105), trees (T, n = 13) and lianas (L, n = 10). The statistical significance (P) between the mean values at the 0.5% level is indicated for the three categories. Table 4 . Mean values and standard deviation of selected continuous, wood anatomical features for species growing in areas with a annual precipitation between 500 mm and 1000 mm (region A, n = 30), from 1000 mm to 2500 mm (region B, n = 15), and areas with more than 2500 mm (region C, n = 83). The statistical significance (P) between the mean values at the 0.5% level is indicated for the three categories. Since the majority of tropical vaccinioid species grows at relatively high altitudes (above 1500 m), it could be expected that latitudinal trends in the wood of the subfamily are rather obscure because of the macroclimatic similarities between tropical, montane environments and cold, temperate to boreal regions. However, the above-mentioned latitudinal correlations are surprisingly manifest at the subfamily level and within the genus Vaccinium, probably because of positive interactions with habit data (see below).
When studying wood anatomy from an ecological point of view, it is not surprising that several continuous wood anatomical characters are correlated with each other. Indeed, the highest r-values, all significant at 0.5%, occur between length of various types of tracheary elements; correlations of tracheary element length with vessel density and vessel diameter, and the correlation between vessel density and vessel diameter are also relatively high. Furthermore, height of multiseriate rays is significantly correlated with all these wood features.
Based on recent phylogenetic studies in Ericaceae, Vaccinioideae have a North American origin. Indeed, North American representatives are found in every major evolutionary line within the subfamily, and major taxa with a southern distribution area (e.g. Gaultheria and Vaccinieae) have been derived independently from northern temperate taxa via dispersal (Kron & Luteyn, in press, but see Heads 2003). How long ago the first vaccinioids evolved is unclear, but they probably developed at the end of the Cretaceous, when a warmer climate prevailed and the latitudinal climatic gradient was gentle (Crowley & North 1991) . Therefore, the wood structure of early vaccinioids was probably only slightly influenced by climatic differences. At the end of the Eocene, the climate became cooler and more seasonal (Wolfe 1994) . This climatic change also influenced the wood structure, since fossil wood illustrates that the number of shorter vessel elements and distinct growth rings has increased since the Cretaceous, indicating a shift to a more seasonal climate (Wheeler & Baas 1991 , 1993 . In Vaccinioideae, this climatic change could have played an important role in the evolution of serveral northern taxa, for example, Andromeda (Andromedeae s.s.) and Chamaedaphne (Gaultherieae). Within Vaccinieae, the common ancestor of an Andean and Meso-American/Caribbean clade may have occurred across the Andean highlands and the mountains of Central America and the Antilles, suggesting that diversification within this clade occurred very late, namely during the last 20 million years when the Andes began to rise (Kron & Luteyn, in press ). The homogeneous wood structure of the Andean and Meso-American/Caribbean clade could support this idea (Lens et al., submitted) .
Impact of frost
Latitudinal trends can partly be explained by the impact of frost on wood structure. This is certainly the case for vaccinioids that grow in temperate to boreal regions of the northern and southern hemisphere, where frost occurs at least during one month per year. Since cold and freezing temperatures result in temporary inactivity of the cambium, this may explain why 86% of temperate to boreal species have distinct growth rings, while this feature occurs in only 44% of tropical species examined. Nearly all other vaccinioid specimens studied show indistinct growth rings (Lens et al., 2004, submitted) . The relatively high percentage of tropical species with distinct growth rings is probably due to the large number of representatives growing at high elevations, although only a fraction of the species in this study grows above 3000 m.
Another character that is clearly influenced by frost is vessel diameter. Mean vessel diameter of the 104 frost-free living species studied is significantly wider (39 µm ± 26) compared to the 24 species that grow in areas with at least one month of frost per year (20 µm ± 4). Likewise, nearly all frost susceptible species have a relative high vessel frequency (on average 300 mm -2 ). The functional significance of narrow vessel diameter and high vessel frequency can largely be explained in terms of increased safety of sap flow as a reaction to freeze-thaw cycles. The explanation for this is the greater likelihood of freezing-induced cavitation in wider vessels, in which a much larger amount of water is present. This trade-off between conduit diameter and susceptibility to cavitation has been demonstrated by Zimmermann & Brown (1971) , Sperry & Sullivan (1992) , Sperry et al. (1994) , and Davis et al. (1999) . Moreover, the presence of narrow tracheids (and to a lesser extent fibre-tracheids with distinctly bordered pits) may also contribute to the safety of water transport in Ericaceae (Wallace 1986; Carlquist 2001) .
The impact of frost may also be illustrated by the type of vessel perforation plates. There is a tendency that species experiencing frost show (almost) exclusively scalariform perforations, which may negatively affect conductive efficiency and are suggested to catch air bubbles caused by freezing-induced cavitation (Zimmermann 1983; Ellerby & Ennos 1998; Schulte 1999) . Tropical lowland species, on the other hand, exhibit usually simple vessel perforations (e.g. Carlquist 1975 Carlquist , 2001 Baas et al. 1983; Baas 1986 ). This trend is also apparent in Vaccinioideae: species growing in areas with at least one month of frost per year show a significantly higher frequency of scalariform perforations (on average 84% ± 27) than species living in frost-free areas (on average 62% ± 39), and also the mean number of bars is somewhat higher in species experiencing frost compared to frost-free species (12 ± 6 versus 9 ± 7 bars per perforation plate). Moreover, the percentage of species with exclusively scalariform vessel perforations is significantly higher in areas with frost than in frost free regions (respectively 54% and 28%). Nevertheless, some counter examples can be listed. For example, simple perforations are generally present in Vaccinium globulare (100%) and V. uliginosum (85%), two species that experience at least 30 days of frost per year. Exclusively scalariform perforation plates occur also in several frost-free species, belonging for instance to Agapetes, Agarista, Anthopterus, Ceratostema, Cavendishia, Demosthenesia, Gaultheria, Leucothoe, Lyonia, Pieris, Plutarchia, Sphyrospermum and Thibaudia. 
Altitudinal trends
In general, altitudinal trends are much less obvious than latitudinal trends, which is in agreement with previous studies (Van der Graaf & Baas 1974; van den Oever et al. 1981; Baas 1986; Carlquist 2001) . At the subfamily level, only vessel density shows a statistically significant correlation with increasing altitude, while clear altitudinal correlations are lacking within Vaccinium (Tab. 1-2). A possible explanation for the weak altitudinal correlations could be the major differences between day and night temperatures in tropical mountains. A separate analysis of the Andean species, which usually grow above 1500 m, did not provide any higher correlations. This could also suggest that there might be a threshold altitude at 2000 m, as suggested by Noshiro & Baas (2000) , indicating that the influence of altitude above 2000 m is more or less similar for all woody taxa.
Impact of habit and precipitation
The relationship between quantitative wood anatomical features and influences of habit is in general agreement with previous analyses within woody angiosperms (Baas & Schweingruber 1987; Carlquist 2001) . Table 3 shows that shrubs are characterised by a high incidence of scalariform perforations, small vessel diameters, high vessel densities, short tracheary elements, and relatively narrow multiseriate rays. In lianas many wide vessel elements, a subsequently low vessel density, few scalariform perforation plates, and usually wide multiseriate rays occur. While shrubs and lianas show significant differences for these features, trees generally represent intermediate values. Nevertheless, the height of multiseriate rays demonstrates an aberrant correlation with habit types. We found that multiseriate rays are relatively low in trees, intermediate in shrubs, and high in lianas. A possible explanation for the low rays in trees could be due to the sampling and taxonomic impact: many tree species that were investigated belong to Oxydendreae and Lyonieae, two tribes that are characterised by low multiseriate rays (Lens et al., 2004) . As documented by Carlquist (1989) , wide vessels with simple perforation plates, broad rays, and an abundant presence of tracheids are common in lianas. Carlquist (1989) also mentioned that the length of tracheary elements in lianas does not differ greatly from that in woody, selfsupporting plants, which is in agreement with our data (Tab. 3). Generally, trends in growth form correspond with latitudinal trends, which is not so surprising because most of the specimens of the study group living in temperate to boreal regions are shrubs, most vaccinioid trees grow in the subtropics, and lianas are restricted to tropical habitats.
The impact of precipitation on the wood structure of Vaccinioideae is similar compared to the habit effect. Species from environments with 500 to 1000 mm annual precipitation show a high percentage of scalariform perforation plates, a narrow vessel diameter and high vessel density, short tracheary elements, and relatively narrow and low multiseriate rays, while species growing in very wet environments (more than 2500 mm annual precipitation) have a higher percentage of simple perforations, wider and fewer vessels, longer tracheary elements, and broader and higher multiseriate rays. Except for the percentage of scalariform perforation plates and vessel diameter, these features are all significant at the 0.5% level (Tab. 4). Vaccinioids occurring in habitats with an annual precipitation from 1000 to 2500 mm show intermediate values, although the height and width of multiseriate rays is similar to the values observed in species growing in areas with 1000-2500 mm annual precipitation. Because the amount of precipitation is one of the major features that is used to define major climatic regions, these trends are very similar to the latitudinal trends described above. Indeed, all species from very wet regions (> 2 500 mm) in this study are derived from the tropics, subtropical regions correspond well with areas with a annual precipitation of between 1000 and 2500 mm, and in temperate to boreal areas and in savannah regions the amount of precipitation lies usually between 500 and 1000 mm per year.
Conclusion
Although most tropical Vaccinioideae grow at relatively high altitudes, this study demonstrates that latitude shows a clear impact on several wood anatomical characters within the subfamily and within Vaccinium. Since differences in growth forms agree rather well with macroclimatic regions, the impact of habit supports the latitudinal trends, and may explain the relatively high latitudinal correlation values. The effect of altitude on wood structure of Vaccinioideae and Vaccinium is negligible.
